Abstract. Recently, due to the rapid development of the supercritical water-cooled reactor, trans-critical CO 2 heat pump and other technologies, there has been an increasing interest in accurate prediction of convective heat transfer coefficient of supercritical CO 2 under cooling conditions. The main aim of this paper is to give a concise review of heat transfer correlations for supercritical CO 2 cooling in macro-channels (inner diameter larger than 3 mm). Before that the fundamental knowledge about convective heat transfer is first addressed, with an emphasis on heat transfer coefficient.
Introduction
Supercritical CO 2 is the CO 2 whose temperature and pressure above its critical state, which is corresponding to a critical temperature T c =31.1℃ and a critical pressure P c =7.38MPa. Supercritical CO 2 is widely used in automotive air-conditioning, heat pump, low temperature refrigeration and chemical extraction industries. Especially, due to the rapid development of the supercritical water-cooled reactor, transpiration cooling for liquid rocket thruster formed with platelets there has been increasing interest in heat transfer research of supercritical CO 2 . Furthermore, the thermodynamic properties and transport properties of supercritical CO 2 are quite different from normal CO 2 . Fig. 1 shows the thermodynamic and transport properties of CO 2 versus temperature at pressures of 6, 7, 8, and 9 MPa, which were obtained from NIST-REFPROP database [1] . Pseudocritical point is the state with a pressure above the critical pressure and at a temperature corresponding to the maximum value of the specific heat at this particular pressure. During the heat transfer process, the physical and transport properties of CO 2 change drastically with temperature around the critical, especially near the pseudo-critical and critical points. For example, the specific heat and thermal conductivity have peak values near the critical points. All of those singular behaviors of properties have a significant influence on heat transfer under supercritical conditions. In this paper, an overview of heat transfer correlations for CO 2 cooling in macro-channels (the diameter is larger than 3 mm) is given. 
Basic concepts for convective heat transfer
Convective heat transfer is the transfer of heat due to the movement of fluids. It is one of the basic ways for heat transfer. Generally speaking, it dominates heat transfer in liquids and gases. There are two types of convective heat transfer, namely the forced convection and natural convection. The words forced or natural are used to describe the reason of fluid flows. In forced convection, the fluid flow is induced by external pressure gradient imposed by another body, such as fans, stirring and pumps. Natural convection is originated from density gradient, which is usually caused by temperature gradient, resulting in buoyancy under gravity and thus fluid flow [2] . For example, when water is heated on a stove, hot water from the bottom of the pan rises, displacing the colder denser liquid, which falls. After heating has stopped, mixing and conduction from this natural convection eventually result in a nearly homogeneous density, and even temperature. Without the presence of gravity (or conditions that cause a g-force of any type), natural convection does not occur, and only forced-convection modes operate. Convective heat transfer is basically described by Newton's law of cooling, which states that the rate of heat loss of a body is proportional to the difference in temperature between the fluid and environment. The constant of proportionality is the heat transfer coefficient, denoted as h. The Newton's law of cooling is
where q is the heat flux per unit time per unit area, and ∆T is the temperature difference. In the calculation of Eq. (1), the ∆T is always positive, and the direction of q is inverse from the direction of temperature gradient.
Generally speaking, there are five factors influencing the value of h. First, the types of the convection. For forced convection and natural convection, the velocity fields in the fluid are usually different. Thus the heat transfer laws are fairly different. Second, the existence of phase change. When there is phase transition, the absorption or release of latent heat makes heat transfer laws different. Third, the state of fluid flow. In general, heat transfer in turbulent flows is more violent than heat transfer in laminar flows. Fourth, the geometrical conditions of the surface, namely the shape, size, relative position and roughness. They have significant influence on the velocity flied. Fifth, the thermos-physical properties of fluids. The density ρ, dynamic viscosity η, thermal conductivity λ, and the specific heat at constant pressure c p impact the velocity field and heat diffusion, and thus the overall heat transfer.
Therefore, the heat transfer coefficient h can be expressed as [2] , ,
where u is velocity and l is characteristic length. Also we know form above relation that it is unpractical to obtain an analytical expression of h since the internal mechanisms are so complex. To fulfill the need in engineering, obtaining experimental correlations for h is easier to achieve and it is a common practice. In order to reduce the times of experiments and improve the generality of the results, experiments are conducted based on similarity principle and results are summarized as correlations of characteristic numbers.
For convective heat transfer, the characteristic numbers involved are Nusselt number Nu (dimensionless form of the convection heat transfer coefficient h), Reynold number Re (a measure of relative importance of advection to diffusion momentum fluxes), Prandtl number Pr (the ratio of hydrodynamic boundary layer to thermal boundary layer), whose definition are
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where ν is the kinematic viscosity and D T is the thermal diffusivity. Using above characteristic numbers, Eq. (2) is transformed into [2] Nu (Pr, Re) f = (4) In this paper, the correlations for supercritical CO 2 cooling are all written in the form of Eq. (4).
Correlations for supercritical CO 2 cooling in macro-channels
Fang et al. [3] conducted a comprehensive survey on heat transfer correlations for supercritical CO 2 cooling. They proposed an correlation based on Gnielinski's equation [4] and Petrov-Popov's equation [5] . The correlation is 
where subscript w, b denote properties based on wall temperature T w and bulk temperature T b , respectively, and G is the mass flux. Pitla et. al [6] presented a new correlation based on numerical simulations and experiments. It is based on mean Nusselt numbers that are calculated using the thermos-physical properties at the wall and the bulk temperatures, respectively. The correlation is Nu Nu Nu= 2
where Nuw and Nub are calculated using Gnielinski's equation [4] , the subscripts w, b denote properties based on wall temperature Tw and bulk temperature Tb, respectively. It is seen that the majority of the numerical and experimental values are within 20% of the values predicted by the new correlation. Yoon et al. [7] performed experiments to study the heat transfer and pressure drop characteristics of supercritical CO2 during a cooling process in a horizontal tube. The tube is made of copper and the inner diameter is 7.73 mm. They considered various mass fluxes and inlet pressure. Mass fluxes were controlled at 225, 337 and 450 kgm-2s-1 by a variable speed gear pump, the inlet pressure are adjusted from 7.5 MPa to 8.8MPa. The inlet temperature of CO2 is 50~80 ℃. The temperature is measured by T-type thermocouple probes, which are directly inserted into the flow. They found the heat transfer coefficient increases up to the maximum value then decreases during the cooling process. This is because in the late stage of cooling, the temperature is close to the critical temperature, and the specific heat increases drastically. Besides, the influence of mass flux is significant on the heat transfer coefficient, which is larger for a bigger mass flux, which is corresponding to a higher Reynold number. They compared experimental results with four existing correlations, and they found the correlations generally under-predict the experimental data and even worse near the critical point. Therefore, they developed a new correlation based on their experimental data, 
where physical properties in Nu, Re and Pr are evaluated at bulk fluid temperature Tb, and the subscript pc denotes properties at pseudo-critical pressure. Equation (7) can predict their experimental results with an average deviation of 1.6%. Dang and Hihara [8] investigated supercritical CO2 cooling in circular tubes by experiments. They studied the effect of mass flux, pressure, and heat flux on the heat transfer coefficient by measuring four horizontal cooling tubes with inner diameters ranging from 1 to 6 mm. The pressure was kept as high as 8~10 MPa. The inlet temperature of CO2 ranged from 30 ℃ to 70 ℃. The mass flux ranged from 200 to 1200 kg m-2 s-1. And the heat flux ranged from 6 to 33 kW m-2. They found an increase in mass flux causes an increase in heat transfer coefficient due to an increase in turbulent diffusion. They compared several correlations with their results, and found none of them gives accurate prediction. A modified Gnielinski equation [4] by selecting the reference temperature properly was then developed to predict the heat transfer coefficient. This proposed correlation was accurate to within 20% of the experimental data. One can refer to [8] for the details of the model. Son and Park [9] preformed experiments to investigate the heat transfer coefficient during cooling process of CO2 in a horizontal tube. The main components of the experimental apparatus are a receiver, a variable-speed pump, a mass flow meter, a pre-heater and a gas cooler. The operating pressure of the apparatus is between 7.5 and 10.0 MPa, and the tube was made of stainless steel. CO2 enters the test section in a supercritical state at about 90~100 ℃. The mass fluxes they used in experiments were 200~400 kg m-2 s-1. They compared their data with those obtained from two correlations and found the correlations underestimate the experimental data. Thus they developed a new correlation including the density and specific heat ratio evaluated at mean wall and bulk temperature, which is given by 
